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The spatial resolution of a microscope based on focusing
optics is limited by diffraction, and amounts to about one-half
of the wavelength of the light, as reported by Abbe.!"! The
development of fluorescence imaging techniques has enabled
researchers to surpass this limit in far-field microscopy. These
super-resolution methods can be classified into two groups.
The first group relies on optical patterning of the excitation
and a nonlinear response of the material. These factors reduce
the size of the point-spread function of the microscope.
Examples include the stimulated emission depletion (STED)
technique®® and nonlinear structured-illumination micros-
copy (SIM)." The second group comprises methods based on
single-molecule (SM) imaging.*!

The SM luminescence photons form the image of a point
light source. By determining its center, the exact location of
the emitter can be obtained with an accuracy that is limited
only by the signal-to-noise ratio. In order to warrant a
sufficient spatial density of fluorophores for imaging, and also
to avoid signal overlap, sequential recording techniques must
be applied. The general aim of these techniques is to use an
additional property to distinguish individual molecules
located within the same diffraction-limited volume.['”*” In
the life sciences, this property is the varying emission caused
by random conversion between fluorescent and nonfluores-
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cent states.” ¥ Remarkably, in the materials sciences, such
methods have not yet received a similar degree of atten-
tion.*"*! Herein, we report the sequential imaging of nearly
300000 single terrylene (Tr) molecules embedded in an o-
dichlorobenzene (0-DCB) matrix at low temperature. Indi-
vidual fluorophores are addressed separately and deliberately
by tuning the laser into resonance with their electronic
transitions (see the general procedure for our approach in
Figure 1).

The absorption spectrum of the first electronically excited
state of a molecule embedded in a solid comprises a zero-
phonon line (ZPL) and a much broader phonon side band
(PSB).”! In many systems, the ZPL is extremely narrow at
low temperatures, and is the basis of the achievable high
spectral sensitivity and selectivity.
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Figure 1. Sketch of the experimental approach to achieve a spatial
accuracy below the diffraction limit by spectrally selective imaging.
Left: For broadband, that is, unselective excitation, all chromophores
are excited simultaneously and emit undistinguishable signals to result
in a diffraction-limited image. Right: Selective excitation can be
achieved by frequency tuning a narrow-band single-mode laser sequen-
tially into resonance with the individual chromophores. For recording a
macroscopic image in a reasonable period of time (a few minutes),
massively parallel data acquisition with a CCD detector is employed,
yet no more than one single molecule per diffraction-limited volume
element is in resonance with the laser at each time.
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Each fluorophore experiences a different environment in
the matrix because of random variations in local strain, and
imperfections. These variations lead to spectral shifts of the
absorption frequencies that are larger than the ZPL width by
up to six orders of magnitude, depending on the degree of
disorder of the matrix. The result is an inhomogeneously
broadened absorption band of the ensemble of SMs. Tuning a
laser into resonance with the ZPL absorption frequency of
exactly one probe molecule ensures that the detected
fluorescence signal stems solely from this molecule. Hence,
molecules that reside in the same diffraction-limited volume
element can be addressed and detected sequentially by means
of high-resolution laser-induced fluorescence excitation spec-
troscopy. Initial measurements'*2° have shown that the
accuracy of the lateral position determination of single
chromophores reached approximately 4 nm and depends
only on the signal-to-noise ratio of the fluorescence signals.
In the present work, we have achieved an accuracy between
approximately 5 nm and tens of nanometers.

The diagnostics of extended objects requires a sufficiently
high labeling density. We have succeeded in the detection of a
huge number of dopant chromophores to visualize structural
features on the nanometer scale. In a sample film (a frozen
solution between two microscope cover glasses) with dimen-
sions 70 x 70 x 0.5 um, approximately 300000 single fluoro-
phores were separately imaged, thus corresponding to an
average density of approximately 35 molecules within a
diffraction-limited volume element A°.

Figure 2a shows a microscopic photograph of our Ti/o-
DCB sample under backside illumination with white light.
The polycrystalline structure of the sample is clearly visible.
There are at least two types of defect lines (cracks) visible in
the field of view (see sketch of the structure in Figure 2b).
The cracks of the first type (C, and Cg) appear as perfectly
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Figure 2. a) Photograph of the sample of Tr/o-DCB under white-light
illumination from the backside. b) Sketch of the cracks. c) Spatial distribu-
tion of the fluorescence images of 286931 single molecules in the sample.
Each SM is depicted by a dot. The color indicates the spectral position
within the inhomogeneous band (see rainbow scale at the bottom of
Figure 3a). d) Determination of the width of crack Cg; by a Lorentz fit to
the transmittance curve obtained from the microscope image (a). e) Crys-
tal structure of 0-DCB according to crystallographic calculations.”” The
unit cell is indicated by a black parallelogram. f) Determination of the
width of crack Cy; by a Lorentz fit to the distribution of single molecules
along a line perpendicular to the crack.

straight lines and are highlighted by the thick blue lines in
Figure 2b. The cracks are probably oriented along the
crystallographic axes of 0-DCB, because the angle between
cracks C, and C; (ca. 90°) is close to the calculated value”
(Figure 2¢). The cracks of the second type (or stressed
regions) form a complex network of crooked features (black
lines in Figure 2b). Their main orientation is similar to the
direction of the Cg cracks.

Figure 2 ¢ shows the two-dimensional image of the posi-
tions of all 286931 recorded SMs in the sample plane. Each
chromophore is represented by a color dot, the position of
which is defined by the center of gravity of the corresponding
fluorescence spot on the charge-coupled device (CCD) chip
(see the Supporting Information). The color corresponds to
the rainbow spectrum of the ZPL frequencies shown at the
bottom of Figure 3a (see below). The heterogeneities in the
spatial distribution of SMs near the Ccracks are clearly
visible in Figure 2¢c. The bright straight lines indicate the
lower density of chromophores inside the cracks. Details of
the experimental technique were reported earlier.?*!

The center of gravity of the fluorescence spot of a SM can
be determined with very high accuracy. This accuracy has the
important consequence that careful analysis of the SM
distribution near fine structures allows us to image the
structures with far-field optics and, nevertheless, achieve a
spatial resolution well below 0.5 um. As an example, consider
the crack Cg;. The white-light microscopy image in Figure 2a
gives a width of about 1.8 pm for this structure (Figure 2d).
This value is broader than the theoretical resolution of the
microscope, Ax=Ay=0.61VNA~390 nm for A=580nm
and NA =0.9 (NA =numerical aperture of the objective).
The difference is probably due to aberrations of the strained
microscope objective in the superfluid helium, which is used
to cool the sample to low temperatures. From the SM image in
Figure 2¢, the width of this crack is determined as (270 =
50) nm, which is distinctly narrower than the diffraction-
limited resolution (Figure 2 f).

The density of SMs is clearly higher on one side of crack
C, than on the other side (dark blue line in Figure 2¢). It is
probable that local (e.g., strain) fields cause an anisotropic
migration of the chromophores toward the crack during
freezing. A similarly increased SM density is not present
along the C; cracks or the crooked features. On the other
hand, lines of higher density that run parallel to the C, crack
are visible in at least three other locations (Figure 2¢), for
which the photograph does not show cracks of the C, type.
These lines probably indicate lines of strong local inhomoge-
neities or strain fields along one of the crystallographic axes,
at which cracks can develop during crystallization (although
cracks do not always occur). The inhomogeneities of the SM
density are qualitatively different along the C, and Cj cracks,
which is in agreement with the anisotropy of the o-DCB
crystal.””]

The spectroscopy of SMs is much more informative than
only SM imaging. From our data, we determined the
distributions of several parameters as a function of the
spectral position v of the molecular ZPLs within the
inhomogeneous absorption band. Figure 3 shows the distri-
butions Ngy(v), Aqm(¥), 7(v), and I, (v). Ney(v) (Figure 3a)
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Figure 3. Arrangement of single-chromophore spectra within the inho-
mogeneous absorption band and corresponding variations of their
individual spectral parameters for 286931 terrylene molecules in 1,2-
dichlorobenzene at T=1.5 K. The scan segment was Av=10 GHz.

a) Spectral density of SMs, Ngy (v); b) phononless absorption band
Aqum(v) (black line, scale on the left side) and fluorescence excitation
spectrum F(v) (red line, scale on the right side); c) average linewidth
y(v) of SM spectra within each scan segment (blue line) and averaged
over 20 segments (thick black line); d) average maximum count rate

Inax (V) of SM spectra within each scan segment. The vertical dashed-
dotted lines indicate the frequency positions of resolved sites labeled

A,—A; and B,-B; in (a). The rainbow scale at the bottom of (a) is used
for color-coding the spectral positions of SMs in Figure 2c.

denotes the number of fluorescing SMs detected in a small
spectral interval Av, referred to as a scan segment (here Av =
10 GHz has been chosen). Hence, Ngy(v) represents the
distribution of ZPL frequencies of SMs within the inhomoge-
neous absorption band. Although it is related to the high-
resolution fluorescence excitation spectrum of the bulk
sample, this relation is incomplete, because the widths,
areas, and even shapes of individual SM spectra can be very
different and nonuniformly distributed.’” Hereafter we will
refer to Ngy(v) as the spectral density of SMs.

The distribution A,,(v) (Figure 3b) is the dependence of
the sum of the ZPL areas measured within a given scan
segment Av on the spectral position of the segment. Ay, (v) is
related, but not equal, to the fluorescence excitation spectrum
of a bulk sample, since A,,(v) does not contain signals from
molecules that are excited nonresonantly (through their
phonon side bands). Thus, Ay,(v) can be referred to as the
phononless absorption band. For comparison, the red curve
overlaid in Figure 3b shows the usual fluorescence excitation
spectrum of the selected sample area F(v), which is structure-
less, because it includes the contributions from nonresonantly
excited molecules.” Finally, y(v) (Figure 3¢c) is the spectral
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width of the ZPLs averaged over each scan segment and,
similarly, I,,..(v) (Figure 3d) denotes the SM peak fluores-
cence count rate averaged over Av.

Apparently, the inhomogeneous absorption band of this
system has a quasi-site structure, which is best resolved in the
spectral density Ngy(v) (Figure 3a). At least six different sites,
or preferred spectral positions of the SM lines, are visible
(labeled A-A;, B;-B;).

The quantities y(v) and I, (v) (Figure 3c,d) show the
tendency to increase slowly from the red to the blue edge of
the band (thus explaining the difference between Ngy(v) and
Agm(v)). One can resolve pronounced structures in ¥(v) and
I..x(v) that are correlated with a site structure of the
inhomogeneous profile. It is clear from Figure 3c that the
average spectral linewidths of SMs that are located outside or
in the far wings of the sites tend to be larger than those close
to the site centers. This effect is most pronounced for A,, A;,
B,, and B;, but not for A; and B,. Also, the maximum
fluorescence count rate 1,,,,(v) is subject to strong variations
across the inhomogeneous band (Figure 3d), and reaches
local maxima for sites A, and B, as well as in the intersite
regions A—A, and A,-As.

Synchronous measurements of the spectra and the spatial
coordinates of large numbers of SMS provides deeper insights
into the nature of structural features of the sample.”¥ The
color-coded distribution in Figure 2¢ reveals a pronounced
correlation between the location of SMs in the sample and the
spectral position of their ZPLs (see also the movie in the
Supporting Information). Other spectral parameters (e.g., the
linewidth) may be chosen as well. The correlation is
particularly apparent for molecules in the spectral interval
17255-17425 cm™! (sites A,-A;; see Figure 4a).

There are two interesting peculiarities of the spatial-
spectral correlation of SM lines: The position of lines close to
the center of site A, (17330-17345 cm™'; Figure 4b) and at
higher wavelengths than B; (16800-17000 cm™'; Figure 4c)

b) 17330 - 17345 cm

c) 16800 — 17000 cm~!

a) 17255 — 17425 cm™
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Figure 4. Spatial distribution of SMs with zero-phonon lines located in
the spectral ranges a) 17255-17425 cm™', b) 17330-17345cm™', and
) 16800-17000 cm™', respectively. Top panels: Each SM is depicted
by a white dot. Bottom panels: Color plots representing the area
density of the molecules in the sample plane.
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are strongly correlated with the crooked features, and are
significantly anti-correlated with each other (compare Fig-
ure 4b,c). The molecules at higher wavelengths than B,
(16800-17000 cm™'; Figure 4c) appear mainly close to the
crooked features, whereas the molecules that absorb near the
center of A, (17330-17345 cm™'; Figure 4b) are located in the
areas between the crooked regions. A possible interpretation
would be that the crooked regions indicate areas in the o-
DCB crystal that are strained or disordered, so the SMs
located in these regions have their absorption lines outside
the main spectral sites A;—A; and B,-B;. Molecules that
appear between the crooked regions would then indicate a
more ordered and regular crystal structure.

In summary, a new technique for measuring the fluores-
cence excitation spectra of a macroscopically large ensemble
(hundreds of thousands and more) of single dye molecules
embedded in a solid has been developed, in which the full
information of the spectral parameters and spatial coordi-
nates of all SMs is stored. Spatial resolution beyond the
diffraction limit is achieved as, at low temperatures, the
spectral width of the molecular zero-phonon absorption lines
is usually narrower than the whole inhomogeneous distribu-
tion by several orders of magnitude, so a tiny subset of the
molecules can be selectively addressed by frequency-tuning a
narrow-band laser. The center position of the fluorescence
image of each molecule is determined with an accuracy that is
limited only by the signal-to-noise ratio and the stability of the
setup. Typical values of a few nanometers can be reached.
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